Objectives: Class V Beta tubulin isotype (AV-tubulin) was recently found to have tissuespecific expression patterns in epithelial tissues with secretory function and aberrant expression in tumors. The aims of this pilot study were (a) to examine expression of AV-tubulin in the fallopian tube epithelium (FTE) of patients who underwent salpingectomy, (b) to characterize FTE atypia in high-risk patients with BRCA mutations, and (c) to determine expression of AV-tubulin in serous ovarian neoplasms. Methods: Immunohistochemistry, with a highly specific antibody developed in our laboratory against human AV-tubulin, was used to evaluate expression in paraffin-embedded sections of the fallopian tube (n = 82) and tumors (n = 13), from prospectively selected cases, categorized by reason for salpingectomy. Results: AV-tubulin, when present, was expressed in secretory cells and essentially never in ciliated cells of the FTE. Histologically ''normal'' FTE had very rare, scattered AV-tubulinYpositive cells; percentage positivity increased in cases of serous ovarian neoplasms. The highest expression was observed in FTE from patients with BRCA mutant breast cancer. Four distinct types of FTE atypia were delineated in patients with known BRCA mutations. In a few additional test cases of ovarian neoplasms, AV-tubulin was highly expressed, with the extent and intensity of staining elevated in high-grade serous carcinomas compared with serous borderline tumors. Conclusions: In summary, AV-tubulin was localized to secretory cells of the distal FTE and its expression varied according to the clinical diagnosis. The frequency of these cells and thus expression of AV-tubulin were dramatically enriched in tissue obtained from BRCA mutant cases, which also exhibited pronounced histologic atypia indicative of early predysplastic aberrations. Furthermore, elevated expression of AV-tubulin correlated with poor differentiation status in serous ovarian neoplasms.
AV
-tubulin, encoded by the TUBB6 gene, is 1 of 8 distinct isotypes of A-tubulin, each having cell-and organspecific expression. A-Tubulin is an important therapeutic target possessing specific binding domains for chemotherapeutic agents including Taxol\ and the vinca alkaloids. 1 Microtubules, composed of tubulin heterodimers, are integral components of the intracellular trafficking system and exosome export, essential for the migration and invasion processes of metastasis. 2, 3 Technical challenges have limited progress in delineating isotype-specific functions for tubulins. 4 One study documented impaired insulin secretion and slower vesicular trafficking in murine cells that express mutant Huntingtin protein, where AV-tubulin was identified as the tubulin isotype mediating the process. 5 A highly specific antibody to human AV-tubulin, a poorly studied isotype of the tubulin superfamily, was generated in our laboratory and uncovered tissue-specific expression. 6 AVtubulin was present in tissue types associated with secretion, such as glandular and ductal cells, and in epithelial cells with secretory function. We also found evidence of aberrant expression in epithelial malignancies, albeit in a pilot analysis. 6 Considering the probable involvement of this tubulin isotype in facilitating intracellular trafficking and secretion, and the participation of these processes in the dissemination of dysplastic cells, we evaluated the expression of AV-tubulin in the fallopian tube and in serous ovarian neoplasms.
Serous ovarian neoplasms include high-grade serous carcinomas (HGSCs), which are type 2 primarily associated with TP53 mutation, and the slower-progressing serous borderline tumors (SBTs) that are type 1 often associated with BRAF/KRAS mutation. 7, 8 Although the general population has a 1.3% risk of developing ovarian carcinoma by age 70 years of age, that lifetime risk rises to 39% to 60% in those with BRCA1 mutations and 11% to 27% in BRCA2 mutant carriers. 9, 10 Ovarian cancers were first associated with the fallopian tube epithelium (FTE), after studies examining tissue from BRCA mutant patients who underwent risk-reducing prophylactic surgery involving removal of their ovaries (oophorectomy) and fallopian tubes (salpingectomy).
11Y13
The close proximity of the fallopian tube with the ovary is thought to facilitate the migration of dysplastic cells of the FTE, considered an initiating event in ovarian cancer etiology. 14, 15 Conversely, this may also allow for intraepithelial metastases of HGSC to the fallopian tube. 16 The FTE is composed of ciliated cells and nonciliated, secretory cells. An important function of the FTE is secretion of tubal fluid, which may support tumor cell dissemination; deregulation of this cellular functionality is poorly understood. It is the secretory cells of the FTE that have been identified as putative dysplastic cells of origin.
17Y19 Serous tubal intraepithelial carcinomas (STICs) appear to have almost all the genomic aberrations of full-blown HGSC 16 and persist after neoadjuvant treatment. 20 Therefore, morphological atypia in the FTE that precede STICs may merit scrutiny as putative precursor lesions. There is much yet to be deciphered about the nature of these predysplastic secretory cells of the FTE and their role in early ovarian cancer pathogenesis.
Here, in an immunohistochemistry-based pilot analysis, we examine the poorly studied isotype, AV-tubulin, in secretory cells of the human FTE.
MATERIALS AND METHODS

Cohort Selection
The Department of Pathology at Montefiore Medical Center (MMC) provided 77 cases for this study, and 18 cases were sourced from a tissue microarray acquired by the Weatherall Institute of Molecular Medicine. 21 Tubal sections from the fimbrial end were cut from paraffin-embedded tissue of patients whose original pathology reports indicated the reasons for salpingectomy and clinical diagnosis. The menstrual cycle status of the patients was unavailable. Postsurgical tumor sections were identified from 13 cases with serous ovarian neoplasms including HGSCs (type 2) and SBTs (type 1). The study was approved by the institutional review boards of MMC and Albert Einstein College of Medicine.
Immunohistochemical Staining
Immunohistochemical (IHC) stain was performed using Envision Plus Horseradish Peroxidase system (Dako, Carpinteria, CA) as previously described. 6 Briefly, rehydrated tissue sections were blocked and incubated with the relevant antibodies using standard washes. Staining was detected using the 3,3 ¶-diaminobenzidine substrate system. Antigen retrieval was not performed. The concentration of primary antibody used was 1:1000 for AV-tubulin incubated overnight at 4-C, 1:50 for p53 (Dako, #M7001) incubated for 30 minutes, and 1:600 for Pax-8 (ProteinTech Group, #10336-1-AP) incubated for 1 hour at room temperature. Hematoxylin and eosin staining was also performed as per standard protocol. Studies were interpreted in conjunction with appropriate positive and negative controls. The patterns of immunoreactivity for Pax-8 in nonneoplastic epithelium and AV-tubulin in endothelial and stromal cells were used as internal positive controls.
Analysis of Immunostaining
After staining, which was performed blinded to case designations and patient information, analysis was carried out by 2 independent observers. The extent of immunoreactivity of AV-tubulin was estimated by pathologic evaluation of stained tumor tissue to yield semiquantitative intensity scores ranging from a scale of 0 to 3. A percentage positivity score was assigned based on the average number of positively stained cells vs unstained cells per section. This was determined by independent visual examination for number of positive cells per section. H scores were subsequently assigned from these 2 metrics and designated (j) no staining, (+) weak staining, (++) moderate staining, or (+++) strong staining.
Statistical Analysis
A nonparametric Mann-Whitney test (2-tailed) was used to compare the distribution of AV-tubulin expression in select cohorts. Analyses were performed using GraphPad Prism 6 software.
RESULTS
AV-tubulin, When Present, Is Specific to Secretory Cells of the FTE
Immunohistochemical staining using standard specific antibodies indicated the baseline distribution of the 2 FTE cell types in this cohort. As expected, FTE had an even distribution of ciliated cells, marked by acetylated >-tubulin, which localized to the ciliary membrane (Fig. 1A) , and secretory cells, marked by Pax-8 that had nuclear localization (Fig. 1B) . Immunohistochemistry using the AV-tubulin antibody demonstrated expression in some secretory cells and essentially none in ciliated cells of the FTE. Stromal cells of the fallopian tube and endothelial cells of blood vessels served as internal controls because they always stained positive for AV-tubulin. 6 
Differential Enrichment of AV-Tubulin Expression in BRCA Mutant vs Benign Cases
Our total sample size of 95 cases was divided into 7 subsets, labeled cohorts 1 to 7 as detailed in Table 1 . This subdivision was based on the reason for salpingectomy as per pathologic annotation and BRCA mutation status. The presence and pattern of enrichment of AV-tubulin varied in a cohort-dependent manner.
AV-tubulin was completely absent in the FTE of samples collected for contraceptive purposes at the end of pregnancy, or after an ectopic pregnancy (Fig. 1C) . Although most of the epithelium was negative for AV-tubulin, rare positive secretory cells, often in small isolated groups, were observed in FTE of samples with benign conditions from cohort 2 ( Fig. 1D ) and also in cases with nonovarian gynecological malignancies from cohort 3 (Fig. 1E ). In cases with diagnosed serous ovarian neoplasms, cohort 4, groups of AV-tubulinYpositive secretory cells were present with slightly increased frequency (Fig. 1F ). To put this in perspective, the actual number of positive cells was less than 0.05% in most cases from cohorts 2 and 3, with many cases having less than 10 positive cells, whereas cohort 4 had an average of approximately 1.5% positive staining for AV-tubulin (Fig. 1G) . No correlation of AV-tubulin expression with age was observed. The BRCA status of the cases in cohort 4 is unknown because these patients do not currently undergo routine BRCA testing.
In contrast, BRCA mutant cases (n = 30) demonstrated significantly increased expression of AV-tubulin. Cohorts 5, 6, and 7 represent cases that were tested for BRCA mutations due to breast cancer diagnosis or familial history of breast/ ovarian cancer. The mean percentage of AV-tubulin expressing secretory cells was approximately 1.6% in BRCA wild type vs a mean of~8.3% in BRCA mutants (Fig. 1G) , which is statistically significant (P = 0.0005). There was no difference in AV-tubulin expression between BRCA1 and BRCA2 mutant cases. Overall, the percentage of AV-tubulin expressing secretory cells was significantly lower in patients from cohorts 1, 2, and 3 (whose FTEs are classified as histologically ''normal'') than those in cohorts 6 and 7 with known BRCA mutations (P G 0.0001).
The secretory cells that show enrichment for AV-tubulin often display subtle morphological differences from their AVtubulinYnegative counterparts (Figs. 1D, E) . In some cases from cohorts 2, 3, and 4, the morphological differences include signs of atypia such as nuclear enlargement, protrusion from the epithelial layer toward the FT lumen, and discohesiveness. An increased nuclear to cytoplasmic ratio ranging from 0.5:1 to 1:1 was determined for ovarian carcinomas relative to benign cohorts. These morphological changes were never noted in the AV-tubulinYnegative secretory cells.
Secretory Cell Atypias Are More Prevalent in BRCA Mutation Carriers
In FTE of patients undergoing prophylactic salpingectomy due to known BRCA mutations (cohorts 6 and 7), secretory cell atypia was more pronounced, widely prevalent, and not confined to AV-tubulin expressing secretory cells. Through close examination, we categorized these atypical phenotypes as 4 subtypes that demonstrated (a) monomorphic expansion, (b) multilayered stratification, (c) stromal intrusion, and (d) discohesive luminal extrusion. Because atypia was observed solely in the secretory cell type of the FTE, Pax-8 IHC, which marks secretory cells, was used to highlight and quantify these phenotypes. The number of cases in each cohort having these specific atypical phenotypes is presented in Table 2 . Multiple atypias per case were often observed. (Figs. 2D, H, L) . Although subtle phenotypic aberrations were noted in BRCA untested and BRCAwild-type cases, there was a dramatic enrichment of more severe and clearly defined epithelial atypia in the BRCA mutant cohort, as evidenced by the higher incidence in cohorts 6 and 7 ( Table 2) . Staining with AV-tubulin in the BRCA cohort highlighted enrichment in the same 4 categories of atypia (Figs. 2I, J, K, L), although not all atypic lesions were positive for AV-tubulin. Clusters of cells with nuclei 1.5 to 2 times larger than adjacent epithelial cells were common in cohorts 6 and 7. The BRCA mutant cohort was largely negative for p53 expression, implying that the histologic remodeling and atypia documented here precede the development of ''p53 signatures'' in putative precursor lesions.
22,23
AV-Tubulin Expression in Serous Ovarian Neoplasm May Vary With Differentiation Status
Cases with serous ovarian neoplasms, cohort 4 (n = 13), comprise both those diagnosed with HGSC and those with SBT. Clinicopathologic details such as age, International Federation of Gynecology and Obstetrics scores, and survival data, where available, are provided in Table S1 , http://links.lww.com/ IGC/A579. Discohesive cells that appear to detach from the tumor mass in HGSCs stain positive for AV-tubulin (Figs. 3D, E) . Cases with HGSC (n = 7) exhibited more intense AV-tubulin expression that translated to a higher H score relative to SBT (n = 6; Table 3 ). High-grade serous ovarian cancer had intense positive staining largely diffused through the tumor section (Figs. 3B, C) , whereas SBT had less intense staining in a focally clustered pattern (Figs. 3A, C) . Thus, AV-tubulin isotype is enriched in more poorly differentiated neoplasms.
DISCUSSION
Our observation of AV-tubulin expression in the secretory cell type of the FTE is of interest because of its potential role in cellular secretion. In the cancer context, AV-tubulin expression in secretory cells may be significant because it is secretory cell outgrowths of the FTE that are implicated in FIGURE 2. Pax8 and AV-tubulin expression highlight fallopian tube epithelial atypia in BRCA carriers. Representative IHC of hematoxylin and eosin stain is presented in panels A to D, Pax8 expression in panels E to H, and AV-tubulin in panels I to L. BRCA carriers show enrichment of atypical phenotypes in 4 categories. Blue arrows indicate stretches of monomorphic expansion, black arrows indicate multilayered stratification, red arrows indicate stromal intrusion, and green arrows indicate discohesive luminal extrusion. Image magnification Â40. the development of serous ovarian carcinoma. 22, 24 In the FTE of cases with BRCA mutations or serous ovarian neoplasms, AV-tubulinYpositive cells often appeared discohesive, with protrusion toward the FT lumen, and some cells had enriched polarized expression toward the lumen. Discohesiveness was also evident in poorly differentiated HGSC that expressed high levels of AV-tubulin. These observations are relevant in light of current dogma proposing that shedding of FTE cells with migratory capabilities, followed by attachment to adjacent ovarian epithelium, is the source of ovarian cancer initiation and locoregional spread.
Furthermore, among our cohorts, we observed isolated groups of enlarged, AV-tubulin expressing secretory cells in cases with conditions such as leiomyoma (cohort 2) and in cases with nonovarian endometrial carcinoma (cohort 3), both of which are associated with a chronic inflammatory milieu. 25 Significant increases in AV-tubulin expression were also evident in cases with serous ovarian neoplasms that have a strong inflammatory component, similar to endometrial cancer. 26 This is in stark contrast to the absence of AV-tubulin expression in pregnancy-related salpingectomies where the inflammatory processes associated with menstruation are presumably absent. Therefore, the relationship between AV-tubulin and chronic inflammation merits further investigation.
Although FTE atypias were observed across cohorts, this study uncovered profound histologic remodeling in BRCA mutant cases. Our observations hold true for both premenopausal and postmenopausal cases within the BRCA cohort and therefore appear unrelated to age. Although similar aberrations of the FTE have previously been noted in BRCA mutant cases, 27 we were able to consistently define 4 aberrant phenotypes. Of the 4, multilayered stratification was most common, followed by stretches of monomorphic expansion. Although limited areas of monomorphic stretches were relatively common in the BRCA cohorts, 2 cases had more than 80% of the FTE comprising secretory cells alone.
AV-tubulin was only expressed in regions of phenotypic atypia in BRCA mutant cases, although not all atypic regions expressed AV-tubulin. This, together with its absence in phenotypically ''normal'' secretory cells of BRCA untested cases, indicates an association of AV-tubulin expression with premalignant alterations in FTE.
The tissue organizational changes observed in BRCA mutant cases were evident even in the absence of ovarian carcinoma, although most patients in this cohort had confirmed breast cancer. We considered the possibility that the extent of FTE atypia may be a consequence of systemic chemotherapy from breast cancer treatment. However, both FTE atypia and aberrant AV-tubulin expression were evident at low frequency in breast cancer patients from cohort 5 who tested negative for BRCA mutation but who also received systemic chemotherapy. The possibility remains that defects in DNA-repair pathways render other tissues vulnerable to damage after exposure to systemic chemotherapy, and that this can influence the development of atypical dysplastic lesions. This hypothesis requires further evaluation in a chemonaBve cohort.
The atypical AV-tubulin cells seem to develop at a stage before the postulated progression from p53 mutational signatures to STICs and to invasive ovarian cancer. Most FTEs in our study had negative p53 staining and a scattered pattern of Ki-67 expression (data not shown), suggesting that these frequently evaluated molecular changes occur subsequent to the enrichment of AV-tubulin expression documented here. However, we are cautious about correlating p53 expression with mutational status because several studies have indicated that it is controversial, requires careful interpretation, and should be complemented by other approaches. 23, 28 There is a need to refine and expand the existing compendium of IHC markers available for accurate detection of dysplastic lesions in FTE, and also to help delineate the molecular etiology of the disease. Thus, in addition to its putative role in cellular secretion, AV-tubulin merits further investigation as an IHC-based surrogate for FTE secretory cell atypia that precedes pathologic evidence of dysplasia. More research is required to address whether expression of AV-tubulin has a causative association with tumorigenesis or reflects increased protein trafficking to support the proinflammatory secretion typical of this disease.
